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Abstract 
Thermo Vapour Compressor TVC is the heart or prime mover of Multi-Effect Desalination MED system, 
it is also described as a steam ejector.  Steam ejector is an economical device that utilizes high pressure 
steam to compress low pressure steam without any rotating parts or external power sources.  The ejector 
performance is highly dependent on its geometry and operating conditions.  The aim of the present work 
is to design and obtain steam ejector geometry, based on pre-specified operating conditions, and to 
investigate the flow behavior inside the ejector by using Computational Fluid Dynamics CFD through 
using “ANSYS FLUENT 14.5” software.   In first section of this paper, 1-D mathematical model is 
carried out to predict the ejector geometry at designed operating conditions.  The second part, describes 
the flow behavior inside the designed model of the ejector by CFD.   CFD is a most reliable tool to reveal 
the phenomenon of the mixing process at different parts of the supersonic turbulent flow ejector and to 
study the effect of operating conditions on the effective ejector area.  Obtaining such effects, using 
experimental work, is much costly and difficult.  Finally, the results show the effect of the operating 
conditions on the entrainment ratio and the critical back pressure. 
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1. Introduction 
    Thermo Vapour Compressor TVC is simply a steam ejector which is widely used as an essential part in 
Multi-Effect Desalination MED system, due to its simple construction, easy installation and maintenance 
and low capital and operating costs. TVC is responsible for the energy recovery in the MED unit, through 
transferring the energy contained in the high pressure steam to lower pressure vapour, in order to produce 
a mixed discharge vapour at intermediate pressure. Steam ejector is also applied in MED system to 
maintain vacuum levels and remove non-condensable gases inside the successive effects and low pressure 
condenser. Accordingly, increasing TVC efficiency will result higher MED overall performance.   Good 
understanding of flow behaviour, shock interaction and mixing process inside the ejector is necessary in 
designing high performance ejector. Keenan and Neumann developed a classical one-dimensional theory 
based on the gas dynamics rules in order to design the ejectors [1]. Then, Emas et al. [2] modified this 
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theory to consider the loss coefficient at different parts of the ejector. However, this theory is used to 
predict performance, only when the ejector operates at its design conditions. Huang et al. [3] developed a 
1-D model for analyzing ejector performance at critical mode operation, considering hypothetical throat.  
El-Dessouky et al. [4] developed a simple empirical model to design and evaluate the performance of 
steam jet ejectors, based on a large database, that have been extracted from several ejector manufacturers 
and a number of experimental literatures.   
   Due to the difficulty of predicting flow behaviour inside the ejector, because of highly turbulent and 
supersonic speed flow, computational fluid dynamic CFD and numerical simulation became the most 
efficient and reliable method to obtain the flow field inside complex geometries with less time and lower 
cost than the experimental methods.  CFD software shows very good agreement with the experimental 
results that has been proved by a number of researchers.   Rusly et al. [5, 6] investigated the flow 
characteristics of the ejector in a refrigeration system by using the real gas model through the commercial 
code, “FLUENT”, and found a good agreement. Sriveera kul et al. [7] used CFD to analyze the flow 
phenomenon inside a steam ejector, according to the validation of the static pressure profile along the 
wall of the ejector, entrainment ratio, and critical back pressure.  CFD is also applied for visualizing the 
change in the flow structure and the mixing process inside the steam ejector as influenced by interested 
parameters, ejector’s operating conditions and geometries.   Pianthong et al. [8] investigated the flow 
phenomenon and performance of two typical ejectors used in refrigeration systems. The results are 
validated with experimental work and simulation in other various conditions.  MyoungKuk et al. [9] used 
CFD technique to study the effects of compressibility and turbulence on the flow structure inside steam 
ejector in MED system.  The study examines the effects of operating pressure and ejector geometry on 
the performance of the steam ejector.  Ariafar, K. [10] studied the flow behaviour along the axis of a 
designed model ejector.   The author investigated the pressure distribution profile along the axis.  Then, 
the author analyzed the ejector performance by choosing different operating conditions at the boundaries.  
   In the present work, operating conditions of the considered steam ejector are according to that of Abu-
Qir power station, which uses MED-TVC unit to produce distilled water from sea water for the steam 
generator make-up.  1-D model is used to obtain ejector geometry.  The flow behaviour inside the ejector 
is investigated, using CFD code “ANSYS FLUENT 14.5”, by showing the Mach number and pressure 
distributions along the axis and analyzing the performance to obtain the optimum operating points by 
changing boundary conditions. 
 
2. Principal of operation  
   The main function of the ejector is to suck vapours or gases from low pressure places to high 
pressure ones, by converting the kinetic energy into pressure energy. The ejector consists of three main 
parts; nozzle, mixing chamber and diffuser.  The present ejector as well as its nozzle has the converging 
diverging form.   The high pressure steam that enters the nozzle is referred to as “the motive steam” or 
“primary fluid”.   The recovered low pressure steam is known as “the entrained vapour” or “secondary 
fluid”, and the steam that exits the ejector from the diffuser is named as “the discharge steam”.  Fig.(1) 
shows a schematic of the ejector with pressure-velocity profile along its axis.   Motive steam enters the 
nozzle at point "P", with high pressure and low velocity. The motive steam velocity in the nozzle 
increases until reaches sonic value at the nozzle throat.   Beyond the throat, the steam velocity increases to 
supersonic until reaches the nozzle exit at point "2", while the  pressure  decreases to lower than entrained 
vapour pressure at point "e". The mixing process begins in the suction chamber.  At point "3" in the 
converging section of the ejector, mixing between the two streams is completed.  Pressure recovery of the 
mixed stream begins at the later section of the converging ejector and continues until the outlet of the 
ejector.   After the mixed stream leaves the converging part of the ejector, it reaches the constant area 
throat of the ejector, where sudden rise in the pressure occurs and flow becomes subsonic again due to 
normal shock wave that formed at point "4". As the fluid moves further down the diverging part of ejector, 
the velocity drops further and pressure is more recovered.  Finally, the fluid reaches the design outlet 
pressure at the exit of the subsonic diffuser.   
 
 
 A.S.Hanafi  et al. /  Energy Procedia  75 ( 2015 )  3239 – 3252 3241
 
Fig. 1. Variation in stream pressure and velocity as function of location along the ejector. 
 
3. Mathematical model 
Sun and Eames [11] pointed out that there are two basic approaches for ejector analysis, based on mixing 
of motive steam and entrained vapour, namely constant pressure and constant area. Keenan [1] concluded   
that, the constant pressure ejector shows better performance than the constant area ejector. Consequently, 
the constant pressure model is commonly applied in the ejector mathematical modeling. Mundy and 
Bagster [12] developed constant pressure mixing model by assuming that the motive steam doesn’t mix 
with the entrained vapour after the primary nozzle exit immediately.   Primary fluid creates a convergent 
duct for entrained vapour, subsequently the entrained vapour is accelerated until reached its sonic speed at 
the hypothetical throat area (effective area), as seen from Fig. (2), after which the mixing of two streams 
starts at uniform pressure [3]. 
   In the present work, constant pressure model is applied, as indicated in Fig.(3), based on the following 
assumptions: 
x Steam follows ideal gas behavior with constant specific heat. 
x Steady, 1-D conditions and adiabatic flow. 
x Inner wall of the ejector is adiabatic. 
x Velocities of motive steam, entrained vapour and discharge flow are negligible. 
x Friction losses are introduced by applying isentropic efficiency to primary nozzle, diffuser and 
mixing chamber. 
x Hypothetical throat occurs at constant area section of the ejector. 
x Two streams mixing occurs at uniform pressure Ppy = Psy = Pm at section y-y, before shock wave. 
 
3.1. Governing equations 
Mass balance equation : 
m p sm m m   (1)
Where "ۦ" is mass flow rate and subscripts m, p and s, defined mixed, primary and secondary mass flow 
rates, respectively.  
 
Entrainment ratio:  
s
p
m
m
Z   (2)  
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Fig. 2.  Effective area occurring in the ejector throat. 
 
 
Fig. 3.  Schematic diagram of ejector performance. 
For given primary flow pressure Pp, temperature Tp and mass flow rate ীp , at chocking conditions, with 
following gas dynamic relations,  the cross section area for the primary throat nozzle Ath , is obtained as:  
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Where nK  is the nozzle isentropic efficiency.  Using isentropic gas dynamic relations between Mach 
number at nozzle exit 
1p
M and exit primary nozzle pressure 
1p
p  and exit cross section area  
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be found that :  
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(5)
Applying the previous assumptions, chocking of the entrained flow occurs at section y-y and Msy=1, for a 
given stagnation secondary pressure Ps , as follows :  
1
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(6)
Which results from the following assumption: 
m p y syP P P   (7)
Mach number Mpy for primary flow at section y-y can be obtained from the relation: 
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Using isentropic gas dynamic relations to calculate cross section area of primary flow Apy at section y-y, 
where coefficient ׎p is included to consider primary flow losses from section 1-1 to y-y, as:  
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(9)
For given secondary flow pressure Ps , temperature Ts and mass flow rate ীs at chocking condition, and 
following gas dynamic relations, the cross section area for primary throat nozzle Asy , is obtained as:  
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The constant cross sectional area of the ejector A3 at section y-y is calculated by summing up the primary 
flow area Apy and secondary flow area Asy , as:  
3 py syA A A   (11)
Appling gas dynamics relations, the Mach M and the critical Mach M* numbers at any point is related by:  
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Where critical Mach number M* is the ratio between the local fluid velocity to the velocity of sound at the 
critical conditions. 
   The mixing process is modelled by one dimensional continuity, momentum and energy equations. 
These equations are combined to define the critical Mach number of the mixture M*m in terms of the 
critical Mach number for the primary and entrained fluids at section y-y, as follows:  
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From equations (12) and (13), the Mach number of the mixing flow at section m-m can be obtained. The 
Mach number M3 after shock wave at section s-s, is given by:  
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From Mach after shock wave M3 and pressure Pm and Mach Mm before shock wave, the pressure after 
shock wave is expressed by:  
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The steam pressure at the exit of the diffuser follows isentropic gas dynamic relations according to:  
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Where dK is the diffuser isentropic efficiency.  
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Using the above mentioned 1-D model, performance analysis can be carried out to determine the ejector 
cross section areas Ath , Ap1, A3 and entrainment ratio Ȧ for specific boundary conditions (Pp, Tp, Ps and Ts) 
and desired back pressure Pc.  The performance analyses procedure follows the flow chart shown in 
Fig.(4). 
 
Fig. 4.  Simulation flow chart in the ejector performance analysis. 
3.2. CFD model 
   Fig.(5) shows the dimensions, which are calculated for the designed ejector, based on the mathematical 
model provided in thermodynamic model.  “ICEM 14.5” is used to create grid elements for the designed 
ejector.   2-D axisymmetric solver is chosen in order to consider 3-D model effect for simulation.  2-D 
axisymmetric model uses less computational time and low memory compared with 3-D model.   
Moreover, it has been proven that it gives nearly the same results of 3-D model [8].  Several meshes are 
created to confirm that the results are grid independent. The final structured mesh consists of 248,621 
quadrilateral elements, unstructured mesh, size 1x1 mm.  Two pressure inlets are selected for primary and 
entrained flows entering the ejector and one pressure outlet is selected for the discharged flow leaving the 
ejector.       
   The current model primary flow is superheated steam at total pressure 6.7 bar and total temperature 
180୲C.  Entrained vapour set based on the saturation condition at temperature 45୲ C; for discharge vapour 
is superheated steam at pressure 0.3 bar and temperature 115୲ C. 
 
Fig. 5. Schematic view of the designed ejector. 
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4. Numerical Solution Procedure 
The governing equations are solved numerically by using the “ANSYS FLUENT 14.5” software, 
which is a commercial CFD package that uses the control volume based methods to convert these 
equations into algebraic equations. The nonlinear governing equations are solved using the coupled 
implicit solver, and the standard wall function is applied on the near wall treatment.  The working fluid is 
water vapour, which is assumed to be an ideal gas, with its properties selected in the FLUENT database.   
It has been proved before, by other researchers, [9, 10, 13, 14] that, using ideal gas assumption is valid at 
low operating pressures.   
The realizable k-İ turbulence model is selected to express the turbulence characteristics in this 
simulation. This model has been used by previous investigators [8-10, 13, 14] and has proven better 
agreement with experimental data and more accuracy in predicating the spreading rate of both planar and 
round jets.   The governing equations are re-written in their compact Cartesian form as:  
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The modelled transport equations for k and H in the realizable k-H model are:  
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In these equations, C1 and C2 are constants. ık and ıছ are the turbulent Prandtl numbers for k and İ, 
respectively.  The model constants are C1=1.44, C2=1.9, ık=1.0, ıİ=1.2, the eddy viscosity is computed 
from: 
2
t
KC PP U H
                                                                                                      (24)
 
5. Results and Discussion 
5.1. Steady state 
   In this section, the steady state obtained results will be discussed in more details. Fig.(6) Shows the 
Mach number contours and the static pressure distributions along the ejector length at steady state 
operating conditions. It may be observed that, the motive steam leaves the primary nozzle at supersonic 
velocity with pressure higher than the mixing pressure. Shock train can be observed through the 
fluctuation of static pressure and Mach number along centre line of the ejector before mixing. Due to the 
high difference in the speed between the motive steam and surrounding entrained vapour, a separation 
layer between them is created which increases the velocity of entrained vapour until mixing occurs.    The  
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complete mixing between the two streams is obtained at the constant throat area, where the shock train 
diminishes and the oblique shock wave is taken place. This may be attributed due to the significant 
increase in the static pressure, after which the flow velocity becomes subsonic and the pressure starts to 
increase across the diffuser section. 
 
 
5.2. Effect of Operating Conditions 
5.2.1 Effect of the back pressure 
   The effect of changing the ejector back pressure on the entrainment ratio at constant primary and 
secondary pressures is shown in Fig.(7).  It may be pointed out here that, the flow inside the ejector is 
divided, according to the back pressure, into three regions; double choking, single choking and un-choke 
(reversed flow).  In the double choke region, the primary and secondary flows are choked simultaneously 
and the entrainment ratio remains constant, until the back pressure is increased and reached the critical 
back pressure.  At the critical back pressure, a single choke region is started, where the secondary flow 
becomes un-choked, while the primary flow is still choked.  In this region, the entrainment ratio decreases 
sharply until reaches zero value, at a pressure called “break down pressure”.   Then any further increase 
in the back pressure will lead to the appearance of reversed flow at the suction inlet in the ejector. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              Fig. 6. Mach and static pressure distribution inside the ejector under Pp=6.7 bar 
(a) Mach number contours 
(B) Static pressure distribution along ejector 
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Fig. 7. Effect of changing back pressure on entrainment ratio at Pp=6.7 bar, Ps=0.094bar. 
Fig.(8) shows the Mach number contours at different back pressures. As can be seen from this figure, any 
increase of back pressure causes the position of the oblique shock wave to move backward (towards the 
primary nozzle) until the back pressure reaches 0.3 bar (critical back pressure). Further increase in the 
back pressure results the oblique shock wave to disappear (single choke region). After back pressure 0.33 
bar (break down pressure) reversed flow starts, as shown in Fig.(9). Once the critical back pressure is 
exceeded, the oblique shock wave is moved backward towards the primary nozzle, causing a decrease in 
the axial velocity of the mixed flow.  More increase of the back pressure results the oblique shock wave 
to reach the primary nozzle, causing disturbance in the primary jet core until the primary flow couldn’t 
expand.  In turn this will force the primary flow to move back to the entrance of the entrained vapour [14]. 
 
5.2.2. Effect of the primary pressure  
   In order to increase the ejector efficiency and decrease energy cost, minimum primary pressure and 
maximum entrainment ratio should be achieved. Fig.(10) shows Mach number contours at different 
primary pressures.  It can be observed from this figure that, increasing the primary pressure shifts the 
oblique shock wave forward to the diffuser section and increases the shock intensity.  On the other hand, 
as the primary pressure is decreased below the designed (optimum) point, the oblique shock wave moves 
backward towards the nozzle exit with lower intensity until vanishes. Further decrease in primary 
pressure causes a reversal flow.     
   Fig.(11) indicates the effect of changing the primary pressure on the entrainment ratio.  It may be 
noticed that, there is an optimum point of the primary pressure which gives maximum value of the 
entrainment ratio. Below this pressure, the entrainment ratio is decreased significantly until reached 
reversed flow.   On the other hand, after the optimum point, the increase of the primary pressure has no 
significance effect on the entrainment ratio and the ejector will waste an extra energy gained from 
increasing primary steam pressure. The relation between the entrainment ratio variation with the primary 
pressure is attributed to the size of the jet core and effective area (hypothetical throat) [10].     
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Fig. 9. Velocity contour showing primary flow reversed to the entrance of secondary flow. 
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Fig. 8.  Contours of Mach number at various back pressures in bar at Pp=6.7 bar, Ps=0.094 bar. 
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                        Fig. 10. Mach number contours at different primary pressures, at Pb=0.29 bar, Ps=0.094 bar. 
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Fig. 11.  Effect of the primary pressure on entrainment ratio, at Pb=0.29 bar, Ps=0.094 bar. 
   According to Munday and Bagster theory [12], and as described previously, the size of jet core is 
directly proportional to the primary steam pressure, while the effective area is inversely proportional to 
the size of jet core. It is recommended to have a bigger effective area which will allow a higher entrained 
secondary flow. Consequently, increasing the primary pressure (above the optimum point) gives bigger jet 
core, and smaller effective area that leads to lower entrainment ratio. Below the optimum point at low 
primary pressure, the created effective area is bigger than the critical area A*, needed for choking the 
secondary flow, hence the increase of the primary pressure leads to decrease in the effective area until it 
reached the critical area A* at the optimum primary pressure which results increasing the entrainment 
ratio. 
5.2.3. Effect of the primary steam temperature 
   The effect of increasing the degree of superheating for the primary steam flow is indicated in this 
section. It is evident that, raising the primary flow temperature at a constant pressure will increase the 
energy content of the flow, which in turn will decrease the primary mass flow rate required for the same 
output pressure. Hence, the entrainment ratio and the performance of the ejector are increased as shown in 
Fig.(12). Moreover, the discharged flow temperature, at the diffuser exit is increased with increasing the 
primary flow temperature, as illustrated in Fig.(13).   
 
 
          Fig. 12.  Effect of changing primary flow temperature on entrainment ratio, at Pp=6.7 bar. 
 
Optimum primary 
pressure 
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Fig. 13.  Effect of changing primary flow temperature on exit flow temperature, at Pp=6.7 bar. 
6. Mathematical model validation 
   The present 1-D mathematical model is validated, by comparing its constant area results with those of 
current TVC unit operated in MED-TVC of Abu-Qir power station at the same operating conditions.  The 
results show good agreement with dimensions of Abu-Qir MED-TVC, as listed in Table (1). 
Table 1.Comparison between 1-D model results and Abu-Qir ejector geometry. 
Ejector Abu-Qir 1-D model Error % 
 Dth 92.88x10-3 91.83x10-3 - 1.13% 
 Dp1 331.5x10-3 294.70x10-3 - 11.1% 
 D3 547.60x10-3 645.60x10-3 + 17.8% 
 
7. Conclusions 
   The present work presents a 1-D analysis for predicting the ejector geometry at desired operating 
conditions and specified entrainment ratio. Constant pressure mixing is assumed to occur inside the 
constant area section of the ejector and the entrained flow choking condition is analysed.  Flow behaviour 
within a designed model of an ejector in MED-TVC desalination unit has been investigated by using a 
CFD method.   The effect of changing operating conditions on the ejector performance was evaluated.  It 
has been verified that the CFD is an efficient tool to estimate the entrainment ratio and critical back 
pressure of the ejector for different operating conditions. The maximum back pressure, the ejector can 
withstand without decreasing the entrainment ratio was determined.  Moreover, it is obtained that, there 
was an optimum value of the primary steam pressure, which gives maximum entrainment ratio and any 
further increase in the primary steam pressure will be considered as waste in energy. It is concluded that, 
increasing the degree of superheat for the primary steam temperature will increase the entrainment ratio, 
taking into consideration that, the dis-charge steam temperature will also increase which will affect, in 
return, the temperature of the first effect in the MED-TVC unit.   CFD also helps to reveal the phenomena 
inside the ejector in details. 
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Nomenclature
Symbol 
A area, m2 
Ȧ          entrainment ratio 
A sonic velocity, m/s 
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Cp         specific heat of gas at constant pressure, kJ/kg.K 
Cv         specific heat of gas at constant volume, kJ/kg.K 
g           acceleration of gravity vector 
h   enthalpy, kJ/kg 
ী mass flow rate, kg/s 
M          Mach number 
P Pressure bar. 
T           temperature K 
x-x nozzle position, m 
y-y position of the hypothetical throat 
ī Cp/CV 
R gas constant, kJ/kg.K 
K thermal conductivity, turbulent kinetic energy 
S modulus of the mean rate-of-strain tensor 
T Time 
U mean velocity 
U fluctuating velocity 
V velocity tensor 
Ǽ turbulent kinetic energy dissipation rate 
Ȃ dynamic viscosity 
ȇ fluid density 
Ĳij shear stress tensor 
Ȋ kinematic viscosity 
ȣt turbulent viscosity 
ık turbulent Prandtl numbers for k 
ıİ turbulent Prandtl numbers for İ 
  
Subscripts 
P primary flow 
S secondary  flow, entrained flow 
B back flow, discharged flow 
M mixed flow 
Th nozzle throat 
p1 nozzle exit 
Py primary flow at the location of choking for the 
entrained flow 
Sy entrained flow at the location of choking for the 
entrained flow 
1 nozzle exit 
2 entrance of the constant-area section 
3 exit of the constant-area section 
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